Background. Recent studies identified mesenchymal stem cells (MSC) as major players in vascular remodelling and the sub-endothelial compartment as the stem cell niche. The uraemic microenvironment predisposes to increased levels of reactive oxygen species, accelerated ageing of endothelial cells (EC) and vascular sclerosis. Methods. We generated an in vitro model of a vascular niche consisting of a three-dimensional collagen I/III gel containing MSC and EC. We recapitulated a uraemic microenvironment by supplementing the medium with 20% pooled sera from either healthy or uraemic patients.
Introduction
Vascular cells must continuously accommodate the needs of the surrounding tissue, both during physiological processes and in pathological settings, such as inflammation and atherosclerosis [1] . This requires a wide range of responses that allow both acute and chronic remodelling mediated by cells in the vessel wall. Recent studies identified mesenchymal stem cells (MSC) as one of the major players in vascular remodelling [2] [3] [4] [5] [6] and the sub-endothelial compartment as the vascular niche for stem and progenitor cells [7] . MSC of the arterial wall are primarily located in the sub-endothelial basement membrane [2, 8] of the intima as well as in the vasa vasorum of the adventitia [3, 4] . The clinical relevance of the sub-endothelium is not only supported by the identification as the vascular niche but also by recent reports showing an intensive matrix remodelling and inflammatory process of small vessels and artery adventitia during atherosclerosis [1] . The involvement of the adventitia in vascular pathology suggests that there is an 'outside-in' component to atherosclerosis in synergism with the traditional 'inside-out' view starting in the intimal microenvironment. The major players in this remodelling process are endothelial cells (EC) and pericytes in combination with the structural framework of the vessel wall [7, 9] . Among the 26 different collagen types described until now, Type I and III collagens are the major fibrillar collagens in the vasculature [9] [10] [11] .
In chronic kidney disease (CKD), uraemia, increases in cytokine levels, bacterial products, advanced glycationend products, hypercholesterinaemia and oxidized lipoproteins were described as driving forces in the progression of vascular calcification and extracellular matrix (ECM) remodelling culminating in a high incidence of cardiovascular death [12] [13] [14] .
As MSC, in their role as vascular pericytes, and EC are strongly interacting cellular components in the sub-endothelium of the intima and the adventitia (vasa vasorum), they may play a critical role in the inside-out as well as outside-in response of vascular inflammation [3] . To mimic the interaction between these important sub-endothelial components of the intima as well as the adventitia, we established a three-dimensional in vitro vascular stem cell niche composed of collagen I/III, MSC and EC. In this artificial vascular stem cell niche, we attempted to recapitulate a uraemic microenvironment by exposing EC and MSC to uraemic serum according to published protocols [12, 13] . In regard to the extensive vascular remodelling processes in patients with CKD [14] , we analysed EC apoptosis and necrosis, EC migration, tube formation, matrix remodelling and MSC contractile potential when exposed to healthy and uraemic serum.
Furthermore, we compared the results of our in vitro data to arteries from healthy subjects (children and age-matched non-CKD patients).
Materials and methods

Cell culture
Human MSC were isolated from bone marrow of the femoral head and expanded as previously described [15] [16] [17] [18] . To demonstrate the multipotency of isolated MSC, cells were induced to differentiate into osteoblasts and adipocytes according to standard protocols [15] . Human umbilical vein endothelial cells (HUVEC) were isolated according to standard protocols [19] and cultured in endothelial growth medium (Lonza, Walkersville, MD).
Experimental culture conditions
The basic medium in this study is composed of 60% Dulbecco's minimum essential medium with 4.5 g/L D-glucose and 40% MCDB-201 supplemented with 2% fetal calf serum (FCS), 1× ITS-plus (insulintransferrin-selenic acid + bovine serum albumin-linoleic acid), 1 nM dexamethasone, 100 μM ascorbic-acid-2-phosphate and 10 ng/mL epidermal growth factor. To assess the effect of the uraemic medium, this medium was modified to 20% serum content with either the serum of healthy patients or serum of patients undergoing dialysis. The pool of sera from patients was obtained from 40 patients with end-stage renal disease on maintenance haemodialysis after informed consent (20 men and 20 women, mean age 61 ± 17 years). Patients with diabetes mellitus, treated infection or former kidney transplantation were excluded. Blood samples were always collected immediately before initiating the haemodialysis session. Sera were heat inactivated for 40 min at 56°C and sterile filtered through 0.22 μm filters (Millex, Millipore Corp., Bedford, MA) before supplementing the stem cell medium. The pool of control sera was obtained from healthy subjects (n = 10) after informed consent (5 men, 5 women, mean age 61 ± 18 years). Regarding the basic biochemical data in our cultivation media, we did not observe significant differences in the calcium and phosphate content, but urea and creatinine were significantly increased in the uraemic serum-containing medium (healthy: urea 0.7 mmol/L, creatinine 12 μmol/L; uraemic: urea 6.4 mmol/L, creatinine 126 μmol/L). The study was approved by the ethical committee of the RWTH Aachen University Hospital and carried out according to the principles of the Declaration of Helsinki.
Generation of three-dimensional collagen gels
Three-dimensional collagen gels containing 5 × 10 5 /mL MSC and 1 × 10 6 /mL HUVEC were generated as previously described [16, 20] . Then, 300 μL of the collagen/cell suspension was poured into 24-well culture plates (Corning Life Sciences, Schiphol-Rijk, The Netherlands) and covered with medium containing uraemic or healthy serum. The study is based on three independent experiments with primary cultures of human MSC from bone marrow (n = 3) and HUVEC (n = 3).
Apoptosis assay
APC-labelled annexin V was used to quantitatively determine the percentage of cells within the cell populations treated with the different cultivation media that were undergoing apoptosis or necrosis. Cells were stained according to the manufacturer's instructions (APC Apoptosis Detection Kit, BD Pharmingen, San Jose, CA). By co-staining with 7-amino-actinomycin (7-AAD), viable cells were discriminated from non-viable cells. Cells were analysed by flow cytometry (FACS Canto II, BD Biosciences) within 1 h and data were analysed using Flow Jo software (Version 7.5; Tree Star Inc., Ashland, OR).
Determination of proliferation
The colorimetric BrdU ELISA assay (Roche Applied Science, Mannheim, Germany) is based on the detection of BrdU incorporated into the genomic DNA of proliferating cells. Cells grown under the different culture conditions in 96-well tissue culture microplates were labelled according to the manufacturer's instructions. The reaction product was quantified after adding the stop solution (25 μL/well 1M H 2 SO 4 ) by measuring the absorbance using a scanning multi-well spectrophotometer (Infinite M 200; Tecan Group AG, Maennedorf, Switzerland).
Histomorphological analysis
For histological and immunohistochemical analyses, three-dimensional cell/collagen constructs were fixed in 3.7% formaldehyde for 24 h. The constructs were paraffin embedded, cut with a rotating microtome at 3 μm thickness (Leica) and stained according to routine histology protocols. Immunohistochemical analysis was performed using the primary antibody specific for vimentin (mouse monoclonal, 1:7000; DAKO), α-smooth muscle actin (SMA; mouse monoclonal, 1:500, Dako), CD31 (mouse monoclonal, 1:500; DAKO), fibronectin (mouse monoclonal, 1:200; Sigma), collagen I (mouse monoclonal, 1:2000; Sigma), collagen IV (mouse monoclona, 1:250; Sigma), laminin (mouse monoclonal, 1:1000; Sigma) and 3G5 (mouse monoclonal, 1:1000; Abcam). Antigen demarcation was achieved by microwave pretreatment in citrate buffer ( pH 6.0). Slide preparations were stained using an autostainer for immunohistochemistry (DAKO cytomation). Primary antibodies were diluted in a commercial antibody diluent (ready-to-use, DAKO) and applied for 25 min. After incubation of the biotinylated secondary antibody (rabbit/ mouse, ready-to-use; DAKO) for 25 min, colour development was performed with StreptABC complex/HRP (DAKO) and with 3,3′-diaminobenzidine (DAB+; DAKO). Finally, slide preparations were counterstained with haematoxylin, dehydrated and mounted in VitroClud (Langenbrinck, Emmendingen, Germany). For scanning electron microscopy (SEM), collagen/cell constructs were fixed in 3% glutaraldehyde for at least 24 h. Preparation for further analysis proceeded as previously described [16, 21] .
Human arteries
We examined femoral arteries obtained from consented clinical autopsies of 12 dialysis patients (65% men, age 68 ± 15 years, dialysis vintage 6 ± 2 years) and 10 children (60% men, age 2 ± 1 years) between April 2009 and April 2011 at the Department of Pathology of the RWTH Aachen University. As a further control, we collected arteries of 10 age-matched non-dialysis, non-CKD patients (60% men, age 66 ± 10 years).
Semi-quantitative immunohistochemical analysis
Protein expression was quantified by two blinded investigators (R.K., R. K.S.) using a semi-quantitative scoring system (0, no expression; 1, weak expression; 2 moderate expression; 3, strong expression; 4, very strong expression) at a magnification of ×200 as described before [22, 23] .
Real-time RT-polymerase chain reaction
Total RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA). One microgram of RNA was reverse transcribed using the high-capacity cDNA Reverse Transcriptase Kit (7300 Real-Time PCR System; Applied Biosystems, Foster City, CA). CopyDNA (cDNA) was diluted 1:2 with DEPC water. Quantitative polymerase chain reaction (PCR) reactions were carried out with Power SYBR Green PCR Master Mix (7300 Real-Time PCR System; Applied Biosystems). The cDNA subjected to control medium of each MSC donor was used as a relative standard for the genes of interest. For each sample, 1.2 μL of cDNA was added as a template in PCR reactions. Amplification was monitored with the ABI Prism 7300 (Applied Biosystems). The expression of genes of interest was normalized against the housekeeping gene GAPDH in all samples, and relative gene expression was analysed with the 2 −ΔΔCt method. Primers are listed in Table 1 .
Statistical analysis
Data are presented as means ± SDs. Data analyses were performed using Student's t-test or Mann-Whitney U-test where appropriate. For multiple group comparison, analysis of variance with post-hoc Bonferroni correction was applied. Statistical significance was defined as P < 0.05. Analyses were performed using PASW Statistic 18.0 (SPSS Inc. Chicago IL).
Results
Uraemic serum stimulates proliferation and apoptosis in EC
Under all culture conditions, EC were characterized by their typical, spindle shaped to cobblestone-like morphology. The highest cell proliferation was observed using the BrdU assay in EC exposed to uraemic serum after 3 days, resulting in the highest cell number after 3 and 7 days ( Figure 1A ). After 3 days of cultivation, FACS analysis showed the same amount of apoptotic and necrotic cells (∼10%) under healthy as well as uraemic culture conditions ( Figure 1B ). The rate of apoptotic EC cultured in healthy and uraemic serum at Day 7 of cultivation did not differ significantly. Thus, uraemic serum induces neither apoptosis nor necrosis in EC.
EC grow in collagen gels but form vessel-like structures only when exposed to healthy serum As 90% of the vascular wall matrix consists of collagen Types I and III, we established an artificial three-dimensional vascular environment by cultivating EC in a collagen I/III gel. In all culture conditions, EC migrated to and lined the collagen surface, likely related to the higher oxygen gradient ( Figure 2A) . EC covering the surface were positive for the endothelial marker CD31 ( Figure 2B ). While EC in healthy serum formed multiple tubes lined with CD31 + cells in the collagen gel, uraemic serum-exposed EC were positioned as spindle-shaped cells at the collagen surface. But neither in the collagen centre nor at the surface did we observe necrotic or apoptotic cells.
Uraemic serum disrupts tube formation and the migratory potential of EC co-cultured with MSC As MSC, in their role as vascular pericytes, and EC are strongly interacting cellular components in the vessel wall, we established a three-dimensional in vitro vascular stem cell niche composed of collagen I/III, MSC and EC. EC exposed to healthy serum showed EC and MSC outgrowths over large distances as well as tube formation in the collagen gel ( Figure 3A, insert) . CD31 staining highlighted that CD31 + EC lined the inner tube layer, while CD31 − MSC showed a periendothelial growth in the outer matrix-rich tube layer, comparable to the growth pattern in small vessels ( Figure 3C and D) . After exposure to uraemic serum, tube formation was disrupted. Tube outgrowth ( Figure 3G ) as well as tube formation ( Figure 3H ) were significantly reduced. In contrast, under these conditions, MSC and EC migrated into the collagen gels where they were positioned in a dense ECM without tube formation ( Figure 3B and E) . Under all culture conditions, MSC expressed the pericyte marker 3G5 (data not shown). SEM confirmed the different growth patterns of MSC and EC in uraemic and healthy serum ( Figure 3I-L) . While the collagen gels exposed to healthy serum revealed intensive cell outspread (arrows, Figure 3I and K), the surface of the collagen gels exposed to uraemic serum was smooth and densely covered by cells ( Figure 3J and L). Extensive matrix contraction in collagen gels exposed to uraemic serum
In line with mature pericytes regulating the capillary diameter by their contraction, we observed a significant contraction of collagen gels with co-cultured EC and MSC compared to EC alone. Uraemic serum induced extensive collagen contraction and matrix condensation in MSC and EC ( Figure 4A and B). Collagen gels with EC showed only a slight matrix contraction, which was significantly enhanced by uraemic serum. When exposed to healthy and uraemic serum, MSC and EC were strongly positive for SMA underlining their contractile potential ( Figure 4C ).
Although, we did not observe tube formation and cell outgrowth in uraemic serum-exposed cells, vascular endothelial growth factor (VEGF) messenger RNA expression was significantly enhanced compared to healthy serum and control conditions after 7 and 21 days ( Figure 4D ).
Extensive matrix remodelling in collagen gels exposed to uraemic serum Vascular remodelling is characterized by an altered function of EC and the surrounding soft tissue as well as by an altered ECM structure leading to changes in the vessel wall-to-lumen ratio. Thus, we analysed the expression of ECM proteins known to play a role in vascular remodelling [24] . Collagen I is found in high concentrations in atherosclerotic plaques. After 21 days of culture, collagen I was significantly up-regulated in uraemic serum-exposed EC and MSC ( Figure 5A ). The extensive collagen I expression was reflected in the immunohistochemical staining as a dense fibrillary network of collagen fibres ( Figure 5A ). In atherosclerotic plaque formation, an increased expression of basement membrane proteins was identified [7] . Collagen IV expression was significantly up-regulated in cells exposed to uraemic serum after 7 days, and also upregulated, although non-significantly, after 21 days of cultivation ( Figure 5B ). Immunohistochemistry showed aggregated collagen IV-positive fibres surrounding uraemic serum-exposed cells. The healthy serumexposed cells showed only cytoplasmatic collagen IV expression. Laminin was significantly up-regulated in cells exposed to healthy serum. Immunohistochemistry revealed laminin expression at the EC/matrix interface. In uraemic serum-exposed cells, laminin was expressed diffusely in the whole collagenous matrix ( Figure 5C ). Fibronectin was significantly up-regulated in cells exposed to uraemic serum after 7 days and non-significantly up-regulated after 21 days ( Figure 5D ). Immunhistochemistry under uraemic culture conditions showed a strong fibronectin appearance at the surface area and the neighbouring regions of the collagen gels ( Figure 5D ) and only a slight expression in healthy serum-exposed collagen gels. Messenger RNAVEGF expression was significantly enhanced in uraemic serum-exposed cells compared to healthy serum after 7 and 21 days of cultivation. The data were calibrated to MSC/EC hybrids cultured in normal growth medium/FCS for 7 and 21 days, respectively, whose expression is considered one for all genes. Y-axis is on logarithmic scale. All data are normalised to GAPDH as housekeeping gene. Values are expressed as ± SD of three independent experiments. Scale bar: 1 cm (A), 50 μm (C).
Matrix remodelling in collagen gels is comparable to matrix changes observed in arteries of dialysis patients
To compare the ECM remodelling under uraemic culture conditions in our collagen gels to the remodelling of the vascular wall in CKD patients, we analysed femoral arteries of 12 dialysis patients and 10 children as controls for the distribution pattern of collagen I, collagen IV, fibronectin and laminin ( Figure 6 ). Semi-quantitative scoring showed a significantly increased expression of fibronectin and collagen IV expression in arteries of CKD patients ( Table 2 ). The total score for collagen I and laminin expression was increased in CKD patients versus children, however, not significantly (Table 2 ). To exclude that the vascular remodelling observed in dialysis patients is age dependent, we further analysed arteries from agematched controls. The results confirmed the significantly (P < 0.001) enhanced expression of collagen IV and fibronectin in arteries of dialysis patients compared to the age-matched control arteries (Supplementary Figure 1 and Table 2 ). Semi-quantitative analysis of protein expression in the collagen gels exposed to uraemic serum also showed a significantly (P < 0.05) increased expression of collagen I, collagen IV, fibronectin and laminin as compared to control gels (Table 2) .
Discussion
Recent studies showed that the sub-endothelium provides the vascular niche for stem and progenitor cells and actively contributes to vascular remodelling during atherogenesis through the activation, differentiation and luminal migration of MSC and fibroblasts, thereby contributing to neointima formation. Furthermore, it was shown that MSC function as vascular pericytes residing in the arterial wall with a lineage repertoire similar to that of marrow stromal cells [6, 8, 25] . We hypothesized that MSC are activated in the sub-endothelial niche in the case of endothelial dysfunction and migrate to the medial and intimal region where they support regenerative processes by ECM synthesis and by their biosynthetic activity. Thus, we established an in vitro vascular niche by co-cultivating MSC and EC in a three-dimensional collagen I/III gel. We exposed this artificial niche to a uraemic microenvironment.
In our study, EC exposed to uraemic medium were shown to be robust and able to survive the pathological stimulus. They maintained their typical morphology and even increased their proliferation. Thus, the uraemic milieu seems to stimulate proliferation and serves as a mitogenic stimulus [13] . Several studies confirmed apoptotic events in lymphocytes, monocytes and polymorphonuclear leucocytes in patients with CKD [12] . However, apoptosis does not seem to be the major underlying mechanism of the reported endothelial dysfunction in patients with CKD [13] . Thus, we tested the functional properties of EC in a co-culture with MSC in an artificial healthy as well as uraemic three-dimensional microenvironment.
We successfully established an in vitro vascular niche by co-cultivating MSC and EC in healthy serum. When the collagen/EC/MSC hybrids were exposed to uraemic serum, our first finding was that the vessel-like outgrowth of MSC/EC was disrupted. This observation might be explained by qualitative changes in the sub-endothelium due to the uraemic milieu which leads to a decreased attachment of EC to the ECM [26] . Recent publications describe that the angiogenic response to inflammatory stimuli resembles the production of granulation tissue during wound healing [2] . It was reported that stent implantation or balloon angioplasty injures the endothelium and initiates an inflammatory response [2, 27] . In response, vascular cells migrate to the injured region, secrete ECM proteins and subsequently form a neointima. The cell layer observed in our study provides a barrier at the serum/collagen interface by cell migration, collagen contraction and extensive matrix synthesis.
This leads to our second major finding, the intense contraction of collagen gels mediated by uraemic serumexposed MSC. In the angioplasty setting, described before, adventitial cells in regions near the medial tear demonstrate an increase in α-SMA. This expression is indicative of a phenotypic switch of fibroblasts into myofibroblasts, a conversion described as the hallmark of adventitial response in initimal injury [28] . In previous studies, we demonstrated the conversion of MSC into myofibroblasts under specific differentiation conditions [16, 17, 29] . MSC exposed to uraemic serum significantly contracted the collagenous matrix and stained intensively positive for α-SMA, indicating a conversion into a myofibroblast-like phenotype. Of particular interest, in this discussion is the growing evidence that myofibroblasts regulate the collagen and ECM deposition in the angiogenic response [30] . This hypothesis is underlined by our third finding that MSC and EC produce components of the ECM in high levels when exposed to uraemic serum. Recent studies report that myofibroblasts deposit the basement membrane protein collagen IV in the early phase of the remodelling process, which supports cell migration and attachment. In our study, collagen IV expression was initiated by exposure to uraemic serum starting at Day 7 of culture. This high expression compared to healthy serum indicates that uraemic serum serves as a stimulus to activate both the contractile and biosynthetic phenotype in co-cultured MSC and EC. This observation is in accordance to data from Gross et al. [31] that collagen IV was over-expressed in coronary plaques of CKD patients than in control patients. Collagen I was also expressed at high levels in our uraemic serum-exposed collagen/EC/MSC hybrids. In the setting of intimal injury, adventitial cells were described to deposit collagen I in the adventitia and by migration also in other vessel layers [27, 28] . Furthermore, collagen I was identified as one of the major proteins in atherosclerotic lesions. Laminin as a structural component of basement membranes is a key regulator in cell adhesion and cell migration [32] . While laminin was only expressed at the EC-cell interface in vascular structures, the collagen/EC/MSC hybrids under uraemic culture conditions stained diffusely positive. Furthermore, fibronectin was significantly up-regulated in uraemic serum-exposed cells. The ECM protein fibronectin is focally deposited in regions of atherosclerosis, where it contributes to inflammatory signalling [33] . As a provisional matrix component, fibronectin is important in wound healing by regulating the deposition of other matrix components such as collagen and can be termed as a pro-angiogenic factor that supports matrix remodelling processes. VEGF is known as the most significant inducer of capillary sprouting and angiogenesis and was expressed in our study in significantly high levels in uraemic serumexposed cells. Nevertheless, MSC and EC did not form any tubes under these cultivation conditions. This disturbed tube formation might be due to the disarranged architecture of EC, MSC and ECM proteins leading to an abnormal response of matrix production to the angiogenic stimulus mediated by VEGF [21] .
In conclusion, the matrix remodelling process observed in uraemic serum-exposed EC/MSC/collagen hybrids resembles the pathophysiological changes observed in arterial remodelling in CKD patients. Our data indicate that EC and MSC may play an important role in the remodelling process towards vascular sclerosis in CKD patients.
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